This work presents a comprehensive study of quantum yield in doped graphene quantum dots with a series of sulfur containing compounds (S-GQDs). The facile hydrothermal method was used to synthesize S-GQDs at different temperatures (∼80 • C-140 • C) with ZnSO 4 .7H 2 O containing sulfur powder as a reducing agent. High Resolution Transmission Electron Microscope images suggest that the size of S-GQDs vary as a function of temperature during synthesis. Powdered X-Ray Diffraction confirms the crystallinity of all samples. Raman spectroscopy study reveals that the intensity ratio increases with an increase in temperature due to the presence of additional sulfur related defects that create enhanced elastic scattering. Removal of oxygen functional groups was maximized at 140 • C and reached to a I D /I G value of ∼1.14. The photoluminescence measurements of doped GQDs having sulfur containing compounds at temperature of ∼140 • C attributes to violet shift at lower excitation energy and a blueshift at higher excitation energy within the energy gap of S-GQDs due to the strong interaction of GQDs with high defect concentration of sulfur. The S-GQDs formed at ∼140 • C demonstrated a superior fluorescence quantum yield of 51%. This is, therefore, expected to make S-GQDs more suitable for bioimaging and optoelectronic applications. Graphene Quantum Dots (GQDs,) as two-dimensional blue photoluminescent carbon nanomaterials are the promising materials for future nanodevices due to their novel potential applications. [1] [2] [3] [4] [5] Since, graphene is a zero-bandgap semiconductor, it does not exhibit photoluminescence. The attractive intrinsic properties including electronic characteristics and chemical features of GQDs are advantageous from the bandgap opening of quantum confinement effects, edge effects, surface functionalization and doping.
Graphene Quantum Dots (GQDs,) as two-dimensional blue photoluminescent carbon nanomaterials are the promising materials for future nanodevices due to their novel potential applications. [1] [2] [3] [4] [5] Since, graphene is a zero-bandgap semiconductor, it does not exhibit photoluminescence. The attractive intrinsic properties including electronic characteristics and chemical features of GQDs are advantageous from the bandgap opening of quantum confinement effects, edge effects, surface functionalization and doping. [6] [7] [8] Doping can tune the bandgap in GQDs with heteroatoms to introduce more defect states to exhibit strong PL properties due to quantum confinement. [9] [10] [11] Significant amount of work has been done on doping with nonmetallic atoms like nitrogen, 8 selenium, 12 sulfur, 13 chlorine, 7 fluorine, 14 boron, 15 and potassium 16 into the GQDs. Co-doped GQDs like B-N doped GQDs, 17 N-S doped GQDs 18 and N-P doped GQDs, 19, 20 and N, F and S doped GQDs 21 are used to modify the electron density and to optimize the luminescence performance.
Several synthesis methods were reported recently. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Minati et al. [22] [23] investigated the photoluminescence spectra of short oxidized multi walled carbon nanotubes which are luminescent in the visible range. Minati et al. 24 and his group in 2010 reported a new method for the high yield isolation of strongly photoluminescent GQD from oxidized carbon nanotubes (ox-CNT). The synthesized thiolfunctionalized GQDs (thio -GQDs) retained photoluminescence quantum yield of ∼10.3% in the visible region. Strong fluorescent graphene quantum dots (GQDs) prepared by one-step solvothermal method with PL quantum yield of ∼11.4% were reported by Zhu et al. 25 Shen et al. 26 demonstrated a simple approach for preparation of graphene quantum dots surface-passivated by polyethylene glycol (GQDs-PEG). Thus, prepared GQD-PEGs showed excellent luminescence properties with PL quantum yield of ∼28.0% (360 nm emission), which was two times higher than the pure GQDs. 26 A simple approach for preparing glucose-derived water-soluble crystalline GQDs followed by a facile microwave-assisted hydrothermal method was presented by Tang et al. 27 and they reported a low PL QY of ∼7-11% for the GQDs. A hydrothermal cutting method was reported by Pan et al. 28 and their photoluminescence (PL) properties are compatible to synthesize green luminescent GQDs. Qu et al. 20 have demonstrated that S, N-GQDs processed much better absorption of visible light than pure GQDs and multicolor emission under visible light excitation. Ain et al. 29 observed the red and blueshift, obtained from PL, by substitutional doping while using different dopants [Cl, N, Na, K, B] to tune the emission energy of GQDs. Zhou et al. 30 prepared a simple and efficient method of the photo-Fenton reaction after breaking C-C bond of GO to produce GQDs in large scale. H. z E-mail: prk6@njit.edu Kashani et al. 31 synthesized nitrogen doped GQDs (N-GQDs) with blue emission and high QY by pyrolysis of citric acid. Li et al. 32 have shown that reduced graphene oxide (r-GO) serves as a fluorescent probe for biological applications. Li et al. 33 synthesized GQDs with green luminescence by electrochemical method for various optoelectronic devices. Li et al. 34 developed a supersaturated recrystallization (SR) method for the synthesis of inorganic perovskite quantum dots (IPQDs) with excellent PL. Li et al. 35 demonstrated a highly efficient solution-processed CsPbBr 3 quantum dot light-emitting diodes (QLED) through balancing surface passivation and carrier injection via ligand density control. Gu et al. 36 used glucose as precursor material to synthesize GQDs through a one-step hydrothermal method. The GQDs demonstrated strong green PL with FL QY (∼44.3%). Tour et al. 37 reported a facile approach to synthesize tunable graphene quantum dots from various types of coal with 20% isolated yield that are soluble and fluorescent in aqueous solution. Kharangarh et al. 38 reported the remarkable finding of nitrogen doped GQDs (N-GQDs) with FL QY (∼49.8%) by using a one-step hydrothermal method. At present, the focus has been to resolve the critical issue related to emission colors for the discrepancy of photoluminescence mechanism by using different synthesis methods. The reported approaches are limited by availability of expensive materials, and accessibility of special tools. Nevertheless, the reported synthesis methods with low quantum yield are not suitable for large-scale production. In order to improve the FL QY, a strategy needs to be defined for doping in GQDs with water-soluble inorganic salts. Although several efforts have been reported, a comprehensive understanding of the optical properties of doped GQDs is still being explored to show the excellent PL characteristics. The FL QY of doped and co-doped GQDs was found to be low and is far from our expected applications. 39 Additionally, it is quite difficult to identify the detailed PL mechanism in each case. Therefore, we really need to develop a novel approach to prepare doped or co-doped GQDs with high PL characteristics and high FL-QY.
To our best knowledge, limited work has been done so far for preparing S-GQDs; though significant amount of work has been done for blue or green fluorescent GQDs. 40 For practical applications in light emitting devices and short wavelength diode lasers, we need wide bandgap semiconductors. 41, 42 In this paper, we report the tunable PL for the formation process of S-GQDs by controlling the reaction temperatures from 80
• C to 140 • C. Initially, for the origin to establish a relationship between the defect states and the quantum yield, S-GQDs were synthesized by using a facile hydrothermal treatment with precursor materials of graphite powder and ZnSO 4. 7H 2 O powder. However, due to presence of more sulfur contents, the PL of S-GQDs annealed at higher temperatures can be tailored from violet to blue. Therefore, S-GQDs formed at 140
• C demonstrated excellent solubility in water, intense violet emission/blue emission at smaller wavelengths/larger wavelengths and high FL QY (51%) as comparison to S-GQDs formed at 80
• C or at 110
• C. The results show that after the reduction of sulfur content in GQDs at different annealing temperatures (80
• C-140 • C), the PL of S-GQDs at higher temperature can be tailored from violet to blue.
Experimental
Graphene Oxide (GO) was prepared by chemical exfoliation of commercially available graphite powder by Hummers and Offemann method. 43 GQDs and doped GQDs having sulfur containing compounds were prepared by using GO and ZnSO 4. 7H 2 O powders as precursors with a similar hydrothermal method as previously reported. [44] [45] [46] Simultaneously, to further understand the formation mechanism, all the samples were heated in the temperature ranges from 80
• C to 140
• C. The samples were labeled as sample-I (S-GQDs∼80
• C), sample-II (S-GQDs∼110
• C) and sample-III (S-GQDs∼140
• C), respectively. The morphology and size distribution of the prepared samples were examined by Transmission Electron Microscopy (TEM) (FEI Technai G2 T30 electron microscope). The samples were prepared by drop casting the sample solution onto a carbon coated copper grid, followed by drying at room temperature. Photoluminescence (PL) spectra were collected by using Fluoromax-4 Spectro-fluorometer. The presence of functional groups in samples was confirmed by Fourier Transform Infrared spectrum (FTIR) using PerkinElmer Spectrum RXI -Mid IR operating with a resolution of 1 cm −1 in the frequency range of 400-4000 cm −1 . Raman spectra were recorded using a Renishaw Laser Raman spectrometer via microscope system. UV-Visible absorption spectra of aqueous solutions of samples were recorded on a Perkin Elmer Lambda 35 spectrophotometer, with a slit width of 2 nm and scan speed of 240 nm/min.
The quantum yields of all samples, e.g. sample-I, sample-II and sample-III in water were estimated by using the following Equation 1.
where is the quantum yield, I is the measured integrated emission intensity, η is the refractive index of the solvent, and A is the optical density. For these aqueous solutions, η X /η R = 1. The subscript "R" refers to a reference with known quantum yield and "X" represents the samples. QY of quinine sulfate (QS, QY = 54.0%) was selected as the reference.
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Results and Discussion
Figs. 1a- Fig. 1c show the three-different hydrothermally heated samples. The spherical shape of HRTEM images of GQDs were about 10-20 nm in size as earlier reported. 40 It can be seen that the majority of the sample-III are in the narrow range of 2−10 nm in diameter, is much smaller than 12 nm in diameter of sample-II and 5-7 nm in diameter of sample-I. Such a discrepancy in the size of the quantum dots might be attributed to the introduction of escalated density of defect states produced by sulfur into the hexagonal structure which can be deliberately controlled by hydrothermal conditions. At higher hydrothermal temperatures in sample-III (S-GQDs∼140
• C), increased concentration of sulfur related defects passivate the edge surfaces of GQDs. Hence it leads to a marked decrease of particle size. The Selected Area Electron Diffraction (SAED) patterns of respective samples are shown in inset of basal plane distance to that of bulk graphite and hexagonal lattice. 40 The observed values are in good agreement with the earlier reported results. 49 Hence, the higher density of sulfur related defects led to elevated recombination of electron-hole (e-h) pairs in sample-III (after doping) when compared to other two samples.
Powdered X-Ray Diffraction (PXRD) measurements demonstrate a higher degree of crystallinity in all samples (sample-I, sample-II and sample -III) of doped GQDs as shown in Fig. 2 . The PXRD pattern of all samples consists of strong reflections at 2θ = 26.43, and 43.59 which are assigned to (110), and (210) planes respectively. This indicates a remarkable expansion of graphite due to the presence of oxygen containing functional groups on both sides of graphene sheets and atomic scale roughness arising from sp 3 bonding in carbon which is in good agreement with the previous reports. 49, 50 The (110) reflection is broad with low intensity in sample-III due to the broken regular stacking and reduction in size. These results verify HRTEM results which have been clearly mentioned in the above paragraph. The XRD patterns of doped GQDs having sulfur containing compounds did not exhibit any sulfur peaks which is probably due to confinement of sulfur within pores of GQDs. To evaluate the formation of S-GQDs, the Fourier transform infrared (FTIR) spectra of as prepared GQDs, sample-I (S-GQDs ∼80
• C), sample-II (S-GQDs ∼110 • C), and sample-III (S-GQDs ∼140
• C) are shown in Fig. 3 . All the samples exhibit a broad peak at about 3430 cm −1 which is attributed to the hydroxyl groups of the GQDs. For the as prepared GQDs (black curve (a) in Fig. 3 . The emerging peaks of sulfur doped GQDs samples; heated at higher temperatures, at 570-600 cm −1 (bond formation of C-S) indicate the effect of doping of sulfur in the carbon matrix. 39 The presence of sulfur was further confirmed based on the observed peaks of 1150-1300 cm −1 (C-O stretch of -COOH or S = O stretch of sulfones) suggest the existence of hydroxyl and carboxyl functional groups. [51] [52] [53] The strong peak in the range of 1000-1130 cm −1 contains the contributions from the S = O stretch (sulfoxide) and C-O stretch (alcohol group). It should be noted that there is an increase in intensity of bands at the 2912-3434 cm −1 (C-H) 27 and 866 cm −1 (C-H) 27 in sample-I (curve (b)) due to the presence of hydrogen content after hydrothermal treatment with annealing at 80
• C. When the temperature was raised to 110
• C, the less intense peak (curve (c)) at 3441 cm
suggests that the content of hydrogen was drastically decreased after the formation of S-GQDs. As the temperature reached to 140
• C, the peak at 866 cm −1 disappeared and the observed weakened absorptions at 2912-3434 cm −1 (C-H) indicate the effective doping of sulfur due to the presence of more oxygen-containing functional groups and sulfur related defects. These results confirm the formation of the more dominant excellent quality of S as compared to Zn in GQDs which is consistent with the results obtained in EDAX pattern as mentioned above in Table I . The optical properties were characterized by Raman spectroscopy to study the changes in GQDs structure at different temperatures for all samples and are shown in Fig. 4 . Raman spectroscopy provides intrinsic characteristics of sp 2 carbon materials to investigate disorder. 54 Raman spectra of GQDs, sample-I, sample-II and sample-III is shown in Fig. 4 . Two prominent bands for GQDs at around 1358 cm −1 and 1607 cm −1 are assigned to the well-defined D and G bands, respectively. While, a shift is observed in D band at 1340 cm −1 and G peaks at 1574 cm −1 after doping with hydrothermally heated samples from 80
• C-140
• C. The D band is attributed to the disordered nature due to heteroatoms doping defects and reduction in size and the G band is related to the Raman active E 2g mode and measures the crystalline nature of a carbon material. 50 Due to increase in sulfur related defects, the shift in D band from GQDs to sample-I S-GQDs (80
• C), sample-II S-GQDs (100
• C), and sample-III S-GQDs (140 • C) toward lower wavenumber reveals the more disordered structure involving carbonsulfur bond. The observed Intensity (I D /I G ) ratio of the sample-I is 1.03 while in sample-II, this ratio is 1.04 and sample-III shows the intensity value of 1.14 which is higher than GQDs (0.99). 45 This intensity ratio indicates that 80
• C is not sufficient temperature and 140
• C is appropriate temperature to create more defects or disordered nature in GQDs. The increased intensity ratio in samples-III is due to structural distortion caused by S doping within the graphene lattice. The defects in sample-III as compared to other samples after hydrothermal method are not only due to doping, but also due to reduction in size 54 which certifies our TEM results. It also suggests that the intercalation of S atoms in conjugated carbon, which has more defects on the surface of GQDs, may possibly improve the electronic and chemical properties of GQDs. In addition, more defects, groups and edges on graphene lattice in the sample-III are introduced due to sulfur dopants which disturb the Raman analysis of S-GQDs. The Raman spectra and HRTEM images, however, both verify that S-GQDs annealed at higher temperature (140
• C) have more crystalline features of graphene compared to GQDs annealed at lower temperature (80 • C). Apart from the intensity ratio of D and G (I D /I G ) bands, the I 2D /I G ratio is also affected by different issues. To study the contribution of the electron-defect elastic scattering rate and electron-electron inelastic scattering rate effects, I 2D /I G ratio for all samples of S-GQDs is obtained and it decreases with the increase of I D /I G shown in Fig. 4 . The I 2D /I G of sample-III (∼0.60) is found to be lower as compare to sample-II (∼0.70) and sample-I (∼0.81) As can be seen, with similar defect density, I 2D /I G of sample-III is much lesser than that of sample-I. The attenuation of I 2D /I G for sample-III with the increase of defect concentration is also much more rapid than that of other two samples. Hence, a large amount of sulfur doping can cause great attenuation of 2D peak. Therefore, the intensity of 2D peaks in sample-III is found to be weaker due to the extra scattering effect from the sulfur induced electron doping. Also, another defect activated peak is observed at about 2931 cm −1 , in all samples corresponding to the combination mode of the D and D' modes (∼D+D' peak). This again confirms the I 2D /I G ratio to estimate the doping concentration in doped GQDs at higher temperature which is related to the inhomogeneous distribution of dopants. Fig. 5 shows the ultraviolet-visible (UV-Vis) absorption spectrum of sample-I S-GQDs (80
• C), sample-II S-GQDs (110 • C), and sample-III S-GQDs (140
• C), while the inset of Fig. 5 shows the plot of log (Absorbance) versus wavelength of GQDs. Three absorption peaks are found at 213 nm, 243 nm, and 328 nm, which is characterized by π -π * transitions of C=C bond. 45 After heating to 80
• C and 110
• C, multiple absorption peaks were observed at 216 nm (5.75 eV), and 229 nm (5.42 eV) in sample-I and sample-II. As we annealed sample-III at a higher temperature, at 140
• C, an absorption peaks at 242 nm (5.1 eV) and 263 nm (4.72 eV), were observed with a redshift of 19 nm compared to GQDs. The redshift (or decrease in bandgap) may be due to the localization of electron-hole pairs of the isolated sp 2 hybridized clusters with obtained small size carbon oxygen matrix. 45 The common absorption peaks for all samples in UV-Vis spectrum were observed at around 292 nm (4.25 eV) and 328 nm (3.8 eV). It can be observed that the absorption of the S-GQDs is higher in sample-I and sample-II as compared to sample-III due to the presence of the larger intrinsic density of states (DOS) of the material.
To further explore the optical properties of sample-I, sample-II and sample-III of S-GQDs, a detailed study of PL spectra has been carried out at room temperature and results are shown in Fig. 6a . Normalized PL spectra of all samples were recorded at various excitation wavelengths from 260 nm to 340 nm with an interval of 40 nm. Out of many emission peaks observed in Fig. 6a , some of them were overlapping with each other. Six emission peaks located at 309 nm, 360 nm, 335 nm, 396 nm, 385 nm, and 443 nm can be clearly seen by changing the excitation wavelengths at various temperatures in the Fig. 6a . This corresponds to the six different electron transitions under different energies of the absorbed photons. It is perceived that the PL emissions radically depend on the λ Ex . The doping of sulfur provides additional electron transition pathways for both absorption and PL emission as compared to the undoped GQDs. 26, 45 In details, it was observed from Fig. 6a that the PL peak at 80
• C for sample-I shows multiple emissions in UV region at approximately 309 nm, 335 and 360 nm with the excitation at 260 nm and 300 nm; As the excitation wavelength changed from 260 to 340 nm in sample (II), the PL peak shifts toward a longer wavelength by approximately 26 nm and 36 nm shows emission in UV region; which also exhibits violet emission at 396 nm on excitation at 340 nm. The peak in sample-III which was annealed at a higher temperature, 140
• C, can be attributed to the sulfur dopants and a redshift with the increased fluorescence intensity as compared to sample-I (80
• C) and sample-II (110 • C). The PL peak of the sample-III exhibits a violet emission at 385 nm with excitation wavelengths at 340 nm; while the other observed peak of the sample-III exhibits a blue emission at 443 nm with the same excitation (340 nm). This might be due to the size effect and localization of electron hole pairs of isolated sp 2 clusters. 54 The increase in photoluminescence intensity and redshift of the PL spectra are believed to be stronger at higher temperature due to sulfur related defects, which is consistent with the UV-vis absorption. This is also explained in energy band diagram in Fig. 6b by the introduction of sulfur related energy bands into the GQDs which shift the energy levels of the transitions.
As we increase the excitation wavelengths, λ Exc, from 400 nm to 450 nm, The S-GQDs sequentially emit blue (λ Exc = 400 nm), and green (λ Exc = 440 nm) light. The emission color changes from blue to green when λ Exc is tuned from 400 to 450 nm. As λ Exc goes beyond 400 nm, it emits blue to green light. Such optical properties are quite distinctive in S-GQDs which make an electron transitions dominant with a particular excitation wavelength. We have done our PL experiment of S-GQDs at higher excitation wavelengths (∼450 nm) but is not included in this manuscript. The results will be published elsewhere.
It is known that defect states generated by the sulfur doped GQDs create additional energy levels and electronic transitions. We have observed that all samples exhibit dependence of excitation wavelength of PL. 55 The observed energy level at 310 nm (∼4.02 eV), 334 nm (3.72 eV) and 384 nm (3.2 eV) in all samples between the surface state shows the π -π * transitions of C=C. In addition, the introduced energy levels under excitation of 340 nm for sample-I were observed at 439 nm (∼2.83 eV); while for sample-II and sample-III; they were at 441 nm (∼2.82 eV) from π * -n to n-π transitions. These levels generate the blue PL emission when they are released from the surface states due to O vacancies. 56 Sample-III shows a violet emission at approximately 400 nm with the lower excitation wavelengths due to sulfur interstitials. It may be attributed to the relatively high surface defect concentration of the high S content which can trap more excitons and lead to the violet emission. Interestingly, we can find that the strongest peak of S-GQDs in sample-III is at 384 nm on excitation wavelength of 340 nm compared to samples annealed at lower temperatures. Fig. 6a shows that the intensity of PL peak of sample-III (S-GQDs∼140
• C) increase with the excitation wavelengths of 340 nm as compared to other samples at different annealing temperatures. Thus the present work will expand the potential applications of GQDs in bio-imaging and optoelectronic devices.
The peak width plays an important role to understand the temperature effects of S-GQDs in photoluminescence spectrum. The full width at half maximum (FWHM) in Fig. 6c as a function of temperature shows a good linear relationship in all different annealed samples. In our work, FWHM is defined as the width between the points of curve when PL intensity drops to the half of the peak intensity. Since, the linear relationship of FWHM with this temperature range which is in agreement with other studies reported of quantum dots. [57] [58] For our PL Spectra, the obtained line width is broader in sample-III in comparison to sample-I and sample-II. The redshift of the luminescence peak should take place for the sample-III of S-GQDs. This could be the reason of due the presence of sulfur related defects. The bonding strength would get weaker with an increase of temperature and outcome in broad line width.
The broadened peak may be attributed to n-π * transition of C=O bond which is in agreement with other reported results. The emission wavelength influences both the shape and intensity of the PL spectra. The sulfur element plays the different role as a dopant in GQDs. The defects of GQDs increase with doping of Sulfur atoms. From our PL data; we can observe that there is not always a positive correlation between the S content and PL intensity. With increase of concentration of sulfur related defects, the quantity of defects intensifies; as a result stronger emission intensity was observed. This could have contributed to the narrow short-wavelength peak. However, at the same time, there is a reduction in the distance between adjacent defects. The possible short distance for electrons and holes for recombination drops with the obtainability of excitation light source. Tang and his coworkers 8 explained that the inter-system crossing and adjacent vibration relaxation of excited electrons are responsible for the difference. The defects related to sulfur are positively charged sites which are crucial to the optical property.
It is inferred from the above observations that the defects related to sulfur altered the energy level and structure of the doped GQDs. A schematic representation of different electronic transitions, as seen under different PL excitations, for both the cases are shown in Fig. 6b respectively. The individual transitions are indicated by arrows in the energy band diagram. The doping of S atoms annealed at higher temperature greatly increases the FL intensity by introduction of additional "defect sites" thereby introducing additional energy levels, effectively creating new electron transition pathways in the band structure of GQDs.
The presence of defects can significantly impact the FL QYs since defect states play an important role for multicolor emitting PL of doped-GQDs. The reported FL QYs are generally less than 48% if there are only oxygenated groups (-OH and -COOH). 16 Using Quinine sulfate as a reference, the FL quantum yield of samples annealed at different temperatures was measured. As shown in Table II, FL QY is higher in sample-III as compared to the samples annealed at lower temperatures. Interestingly, the incorporation of sulfur atoms into GQDs at 140
• C greatly increased the violet PL with the excitation of lower wavelengths to introduce more "defect sites" representing an additional energy level between excited states and ground states. This resulted in new electron transition path in the band structure of GQDs. In addition, carbon atoms occupied by the doping atoms related to sulfur also reduced the agminated aromatic-rich carbon domains, leading to the increase of the FL QY because of the similar electronegativity for sulfur and carbon. Therefore, the FL QY of sample-III annealed at higher temperature is found to be much higher than that of the samples heated at lower temperatures. The carrier transitions in lower and higher energy states needs a relatively longer time for recombination. As a result, yield increases. Besides, in our case, defects related to sulfur can induce the additional energy levels in the bandgap of the GQDs edges which might act as carrier traps. Hence, the higher density of sulfur related defects led to more recombination of electron-hole (e-h) pair after doping in sample-III as compared to all other samples. Also, at higher hydrothermal temperatures in sample-III, the distribution of an increase in the concentration of sulfur related defects passivate the edge surfaces of GQDs. Hence it leads to a marked decrease of particle size and higher quantum yield.
Conclusions
We synthesized doped GQDs using low-cost source materials ZnSO 4 .7H 2 O by employing a facile and high-yield hydrothermal method. The temperature dependent study of S-GQDs has been tested over a range of temperatures i.e. 80
• C. The sulfur doped GQDs at the annealing temperature of 140
• C exhibit small size with 6 at.% of S, multicolor PL emission, and high quantum yield (∼51% FL QY). It is inferred that the surface defect states of sulfur that led to the bandgap variation played a significant role in the PL of GQDs with cyclic aromatic hydrocarbon-like conjugated structure. As a result, S-GQDs annealing temperature of 140
• C has a better optical performance due to the higher crystalline quality and high defect concentration. Thus, it is reasonable to assume that these high yield and multicolor S-GQDs will be useful for future multi-functional applications in the fields of optoelectronics, LED emission, bio-imaging and beyond.
